An acoustic wave-assisted microscale assay platform is demonstrated. Liquid droplets containing samples and reagents are dispensed and pinned onto a hydrophobic thread, and actuated by sound waves. The transport of droplets is achieved by modulating sound emitted by two sources. The resulting sound intensity gradient pushes the droplets in one direction. The available distance of droplet actuation is related to droplet size. The moving droplets merge at the end of their actuation range, and the merged droplet travels further due to its greater size. Fluorometric analysis of the merged droplet is accomplished by positioning an excitation light source above a defined interrogation zone along the thread. The emitted light is analyzed by a miniature spectrometer positioned orthogonally to the excitation light beam. The sound sources and detection system are controlled by universal electronic modules (Raspberry Pi, Arduino). The system is operated automatically with the aid of a custom-developed graphical user interface. Here, we demonstrate its application in enzyme assays (trypsin, β-galactosidase). In-droplet enzymatic reaction progress curves are readily obtained. The actuated droplets can be put in motion and stopped without a significant delay. Only microliter-range volumes of sample and reagent are consumed in every analysis, while sub-milliliter volumes of chemical waste are produced.
I. INTRODUCTION
In conventional fluorometric assays, 2-3 mL sample volumes are normally required in order to fill up a standard quartz cuvette, and enable excitation of fluorophores. However, many samples are limited in volume. Moreover, an assay reaction is normally conducted before the actual fluorometric detection. The reagents used prior to fluorometric detection are often costly. Hence, there is a need to decrease both sample and reagent volumes in fluorometric analysis. Downscaling chemical assays is typically achieved with the aid of microtiter plates. In this case, sample volumes are in the order of tens of microliters [1] . Mixing samples and reagents is usually done by manual or robotic pipetting [2] .
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In addition, various types of fluidic devices (flow injection analysis, lab-on-a-chip) have been used to analyze microscale samples [3] , [4] . Microfluidic chips are usually fabricated in specialized facilities (often involving clean room operation), and available at a high cost. When implementing test tubes, microtiter plates, flow injection systems, or microfluidic chips, the samples are always surrounded by solid walls, and they assume the shape of the vessel or channel. Many organic compounds (e.g. biomolecules) tend to adsorb on solid surfaces, including glass [5] . Such adsorption can lead to measurement artefacts (cf. [6] ). Therefore, it is desirable to limit physical contact of solutes with solid surfaces. Additionally, insufficient mixing of samples with reagents is a major concern in microscale assays [7] . Liquid flow in microfluidic channels is dominated by laminar flow [8] . Thus, various designs have been proposed to increase turbulence in VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ microfluidic channels and promote mixing [9] . In the absence of turbulence, mixing can also be achieved by diffusion. However, diffusion is a slow process [10] . For diffusion to play a role in mixing, the surface-to-volume ratio of a liquid aliquot has to be minimized. Geometrical figure with the lowest surface-to-volume ratio is sphere. Notably, the shape of liquid droplets suspended in the air resembles that of a sphere [11] . However, access to tools for performing reaction and detection in liquid droplets suspended in the air is limited. A possible solution to the stated problem would be an analytical technology that can handle droplets suspended in the air, enable chemical reactions by merging droplets carrying reactants, and enable detection of the reaction products following droplet merger. Acoustic levitation [12] provides a viable alternative to conventional ways of liquid handling [13] . However, due to practical constraints in manipulating levitated droplets, this technique has not been widely employed in chemistry. Here we demonstrate a facile approach for performing chemical reactions in levitating droplets moving along an inert hydrophobic thread positioned horizontally ( Fig. 1) .
II. EXPERIMENTAL
The proposed technique entails the use of an inexpensive multi-emitter single-axis acoustic levitator (Tindie, San Francisco, CA, USA) with two concave-shaped sound sources facing each other [14] , in which a standing wave is sustained in between the sources (Fig. 1A) . According to the present design, a polytetrafluoroethylene (PTFE) thread is fixed in the center of the actuation chamber, and parallel to the main axis of each sound source. The thread serves as a support and guideline for droplets' movement, and its tension is maintained by an extension spring (length: 6 mm; diameter: 5 mm). The operation of the system involves pinning of one or more droplets-containing samples or reagents-onto the thread in the zone of the standing sound wave. The droplets can be dispensed manually (by micropipette) or by means of an automated dispensing system. In the latter case, two peristaltic pumps are used to deliver the sample solution inside Tygon tubing via short sections of hydrophobic high purity perfluoroalkoxy alkane (HPFA) capillary connected at the end. A pair of Tygon tubing holders, fabricated by 3D-printing, are placed above the thread, and fixed on an XYZ translation stage, in order to adjust the distance between the capillaries and the thread ( Fig. 1B) . A mini-spectrometer (spectral range: 340-850 nm, resolution: 15 nm; C12880MA; Hamamatsu Photonics, Hamamatzu, Japan) is positioned in the proximity of the thread to detect and analyze the light emitted by the droplets. A laser light-emitting diode (LED; 450 nm, 80 mW, PLT5450B; Osram, München, Germany; purchased from Koodyz Technology, Taipei, Taiwan; light beam orthogonal to the optical axis of the mini-spectrometer) is fixed on top of the thread, and servers as the excitation light source for fluorometric assays. Lenses are provided to focus the excited and emitted light beams. The key elements are fixed in a customized chassis made of black acrylic (Fig. S1) . Automated operation of dispensing and detection is achieved by implementing electronic microcontrollers from the Arduino family [15] (Arduino Uno, Arduino Due, and Arduino Nano; for scheme, see The microcontrollers are further interfaced to a single-board computer--Raspberry Pi 3 model B+-running the Processing 3 software. JavaScript-based language was used to design a user interface (Fig. 1C) , which enables seamless interaction with the operator -triggering analysis and displaying the results.
For trypsin (EC 3.4.21.4) assay, we prepared 400-µL aliquots of 1244, 6220, 12443, 62215 U mL −1 trypsin in 0.1 M phosphate buffer (pH = 7.3) as well as a 1-mL aliquot of 0.1 mg mL −1 FITC-casein solution in 0.1 M phosphate buffer (pH = 7.3). The relationship between fluorescence intensity and specific activity was obtained by merging 3.6-µL trypsin droplets (sample) with 3.6-µL FITC-casein droplets (3× for each concentration of trypsin), and recording fluorescence intensity (λ ex = 450 nm, λ em = 520 nm; average for the last 20 s in 120-s record). 
III. RESULTS AND DISCUSSION
If a reaction is to be carried out on a sample before detection, at least two droplets should be dispensed -one with the sample and one with the reagent (Fig. 1D) . The droplets can then be moved in either direction by modulating the sound emitted by the two sound sources. It was previously shown that the potential of the acoustic levitation increases with the diameter of the levitated droplet [16] . Thus, the larger the volume of the levitated droplet, the further it can travel. In the current system, when a droplet reaches the limit of its movement, it oscillates back and forth instead of dropping down due to its pinning to the thread. The dispensed droplets with equal volumes reach the same point, resulting in merger and start of chemical reaction. Since the merged droplet is larger than the two ''parent droplets'' before the merger, the merged droplet is capable of moving further toward the interrogation zone. These observations underlie the proposed technique of acoustically actuated droplet assay, and distinguish it from other implementations of acoustic levitation. If one droplet contains the sample, and another droplet contains the reagent, the droplet merger triggers a reaction between the sample and the reagent. Subsequently, the merged droplet passes through the interrogation zone, so that the product of the reaction can be detected or quantified. The merged droplet can be stopped for detection (by adjusting magnitude of the sound emitted by the two sources). Alternatively, detection can be carried out on the fly, as the merged droplet traverses the thread.
In the first variant of the assay, after clicking the ''Start'' button in the user interface (Fig. 1C) , a spectrum of the scattered excitation light is recorded and displayed under ''Background spectrum''. Subsequently, a ∼ 3.6-µL sample aliquot is automatically dispensed onto the thread, moved ∼ 6 mm (by modulating sound intensity) towards the interrogation zone, and held. This is followed by dispensing ∼ 3.6 µL of reagent onto the thread. In the second variant, the droplets are dispensed manually (by micropipette). Note that it is not feasible to load droplets larger than 5.0 µL because they easily fall down. The two ellipsoid droplets are moved simultaneously along the thread, and they eventually merge. The merger point is ∼ 10 and ∼ 23 mm downstream from the two dispensing sites, and ∼ 4 mm upstream from the interrogation zone. The merger of the two droplets triggers mixing of the sample and reagent, initiating a chemical reaction. The merged droplet then accelerates (∼ 5 mm s −2 ) toward the interrogation zone, ∼ 14 mm away from the second dispenser ( Fig. 3A, Movie S1 ). As the merged droplet reaches the interrogation zone, the levitator switches to holding mode for 102-115 s (depending on experimental variant). The merged droplet is positioned in front of the mini-spectrometer. It is also irradiated by the excitation light beam, which excites fluorophores in the merged droplet. After the detection is accomplished, the levitator switches to actuating mode in order to transport the merged droplet for disposal. The emission spectrum of the last time point and the real-time data record for the selected wavelength are saved for further treatment. the emitted light (λ em = 520 nm) was averaged over the period of 102 s (starting with the entrance of the merged droplet to the interrogation zone). The repeatability (n = 10) and reproducibility (n = 60, 6 days) of the assay were 5.9% and 4.4%, respectively (relative standard deviation; Table S1 ). It is known that the fluorescence intensity of fluorescein is high at basic pH and low at acidic pH. To evaluate suitability of the system for monitoring two-component processes, 3.6-µL droplets of 10 −5 M fluorescein were merged with 3.6-µL droplets of 0.1 M HCl, water, or 0.1 M NaOH, in separate experiments (10× for each condition). As expected, the average fluorescence of the merged droplets ( Fig. 3B) depended on the solution pH (Fig. 3C) . In the next test, to prove quantitative capabilities of the method, 3.6-µL droplets of fluorescein in 0.1 M phosphate buffer (pH = 7.3) were merged with 3.6-µL droplets of 0.1 M phosphate buffer (pH = 7.3), respectively, and fluorescence intensities were measured at 520 nm (average intensity in the last 20 s of monitoring). The resulting calibration plot (Fig. 4) demonstrates the dynamic range of the droplet-on-thread assay (R 2 > 0.99). The limits of detection and quantification were calculated to be 4.59 µM and 15.3 µM fluorescein, respectively (16.5 and 55.1 pmol).
The proposed system can readily be adapted to initiate and monitor in-droplet enzymatic reactions. In one application, it was used to monitor hydrolytic activity of trypsin while casein labeled with fluorescein isothiocyanate (FITC-casein) was the substrate/reagent. In this example, the initial droplets were dispensed automatically (by electronically synchronized peristaltic pumps). The spectra of the merged droplets at λ ex = 450 nm indicate the activity of trypsin affects the fluorescence intensity recorded 102 s after the droplet merger (Fig. 5A) . Fluorescence intensity at λ em = 520 nm increases with time after the droplet merger (Fig. 5B) , thus revealing the progress of enzymatic hydrolysis. As expected, fluorescence intensity at the end of monitoring initially increases with increasing trypsin activity until it plateaus (Fig. S2) . This result can be explained with autohydrolysis of trypsin at high trypsin concentration. In subsequent application, sample droplets containing β-galactosidase and reagent droplets containing fluorescein di(β-D-galactopyranoside) (FDG) were dispensed manually (by micropipette) and merged using the developed system. By employing this way of dispensing droplets, one can reduce consumption of sample and reagents because there is no need to fill the dispenser tubings and reservoirs with solutions. β-Galactosidase hydrolyzes FDG releasing fluorescein. The 450-nm laser light beam excited the released fluorescein, which produced fluorescence at 525 nm ( Figs. 5C and 5D) . A calibration curve for β-galactosidase assay was obtained (Fig. S3) .
Previously, Nilsson and co-workers demonstrated that small volumes of samples can be levitated and analyzed by fluorometry [17] . According to their design, samples and reagents were ejected into the sound wave region, where they were captured, merged, and analyzed. That is contrary to the proposed technique, in which droplets are first held by acoustic wave, manipulated along the thread by sound, and merged prior to detection. Therefore, in the present technique, the reaction time is entirely controlled by sound modulation. It does not depend on the time of dispensing the droplets into the acoustic wave zone. This feature enables convenient control of the reaction timing by adjusting sound intensity with digital control modules. Using the thread for manipulating droplets allows one to perform sequential analyses, where different droplets pass through different stages (dispensing, merger, detection) at the same time. It should also be noted that efficient mixing of sample and reagent is not only due to diffusion but also due to a disturbance occurring on droplet collision [18] , and due to formation of vortices in the levitated droplets [19] .
IV. CONCLUSION
We have demonstrated a new technique for chemical and biochemical analysis of microscale samples. The advantage of this technique is that microliter-range liquid samples can be analyzed by minimizing contact of the liquid matrices with solid materials for liquid handling (e.g. test tubes). The sample and reagent can be pinned on the thread automatically by pump and dispensers or manually by pipetting (depending on the available amounts and cost of the samples and reagents). With the aid of acoustic waves, microliter-volume sample droplets can be actuated and merged with microliter-volume reagent droplets on the thread, resulting in initiation of a reaction. It is possible to synchronize the initiation of reaction and data acquisition by using a simple house-built electronic control system. Temporal information on the reaction process is readily obtained. Unlike in hydrodynamic flow-based microfluidics, the actuated droplets can be put in motion and stopped without a significant delay. The proposed technique generates very little amount of chemical waste (∼ 7 µL per analysis), following the notion of ''green analytical chemistry''. While we implemented fluorometric detection in this study, the proposed microreaction system can be adapted for use with other spectroscopic detectors. In follow-up studies one should also investigate the relationships among the size of the droplets and their transporting distance. This will enable further development of the technique and its practical applications.
APPENDIX
Supplemental File contains additional experimental details, table, figures, and scripts. Movie S1 is uploaded in a separate file.
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